Employment of a time consuming, sophisticated calculation using the all-atom force field and generalizedBorn implicit solvent model (GBIS) for refinement of NMR structures has become practical through advances in computational methods and capacities. GBIS refinement improves the qualities of the resulting NMR structures with reduced computational times. However, the contribution of GBIS to NMR structures has not been sufficiently studied in a quantitative way. In this paper, we report the effects of GBIS on the refined NMR structures of ubiquitin (UBQ) and GB1 with subsets of distance restraints derived from experimental data. Random omission prepared a series of distance restraints 0.05, 0.1, 0.3, 0.5, and 0.7 times smaller. For each number, we produced five different restraints for statistical analysis. We then recalculated the NMR structures using CYANA software, followed by GBIS refinements using the AMBER package. GBIS improved both the precision and accuracy of all the structures, but to varied levels. The degrees of improvement were significant when the input restraints were insufficient. In particular, GBIS enabled GB1 to form an accurate structure even with distance restraints of 5%, revealing that the root-mean-square deviation was less than 1 Å from the X-ray backbone structure. We also showed that the efficiency of searching the conformational space was more important for finding accurate structures with the calculation of UBQ with 5% distance restraints than the number of conformations generated. Our data will provide a meaningful guideline to judge and compare the structural improvements by GBIS.
Introduction
Steady advances in algorithms for both NOE assignments and structure calculations have made automatic calculations of protein 3D structures with raw NOE data, provided the chemical shifts are assigned for most atoms and sufficient peaks exist. 1 The algorithms automate an iterative process in which the assignment of NOE peaks and structure calculations with the new restraints are coupled. Owing to the current state of computational power, several studies have reported that fully automatic structure calculations from processed NMR data were feasible without any manual interpretation. [2] [3] [4] [5] However, the improvements and refinements of NMR structures are still believed to be largely dependent on the skills and experiences of the researchers interpreting and calculating the structures.
Despite the sensitivity increments of NMR hardware and the developments of new experiments over the last decades, the number of experimentally obtainable NMR restraints for determining the coordinates of a 3D structure is still much smaller than those obtainable using X-ray crystallography. Computational aids have contributed to improving the structural qualities of NMR structures. The efforts are classified into two criteria: the use of an empirical database and the application of sophisticated calculation methods stemming mostly from molecular dynamics (MD) simulations. The MD simulation consists of two main parts, an atomistic force field and a conformational space search. Since NMR structure calculations make use of experimental restraints, force fields simpler than those used in conventional MD simulations were employed, 6, 7 allowing for conformation searches at higher temperatures without concern for the instability of the system during the computation. Through the advances of algorithms and computational powers, MD simulation has grown popular. All-atom force field, which enables a biomolecule to behave in a realistic way during MD simulation, has matured, helping reconcile the discrepancy between experimental and simulated data. Along with the force field, the implicit solvent model, a mostly generalized-Born model, has improved the qualities of resulting structures as well by approximating the effects that explicit solvents bring about even with reduced computational times. This results in the outcomes that are expected with the explicit solvents.
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Determination of the NMR structure with an all-atom force field and a generalized-Born model (hereafter GBIS), restrained with experimental data, has successfully improved NMR structures, particularly in the refinement stage of the calculations. Especially, the GBIS refinement is advantageous for improving the local geometries that cannot be confined due to a lack of experimental restraints. For instance, GBIS has helped in unambiguous positioning of the donors and acceptors of hydrogen bonds, allowing further insight into the pH dependence of binding affinity in the complex between UIM and ubiquitin. 9 Besides improvement in the local geometry, GBIS refinement is effective in determining the global fold as well. As reported by Brooks and his colleagues, GBIS refinement could determine 3D folds with less than 10% of the original NOE data.
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Considering its potential, the applications of GBIS for refining NMR structures are likely to increase, particularly for the proteins whose structures are difficult to determine with conventional methods. The proteins include membrane proteins and complexes consisting of multiple proteins. Despite the advances in algorithms, however, the effects of GBIS on NMR structure calculations are not straightforward, necessitating quantitative analyses. In this paper, we calculated 3D structures of ubiquitin (UBQ) and GB1 using conventional and GBIS methods with a variety of subsets from experimental NMR distance restraints. The detailed quantitative interpretation facilitates the comparison of the results from the GBIS method with those from the conventional methods.
Experimental
Restraints for NMR Structure Calculation. Experimental restraints for calculating the structures of UBQ and GB1 were extracted from the PDB database (http://www.rcsb.org), where they are deposited as 1D3Z and 3GB1, respectively. Only the distance and backbone torsion angle restraints were employed. The numbers for the distance restraints are 1,446 and 584 for ubiquitin and GB1, respectively. The number of restraints for UBQ(GB1) are 288(122), 294(122), 236(83), and 628(257) for intra (|i-j|=0), sequential (|i-j|=1), medium (1<|i-j|<5), and long (|i-j|>4) ranges, respectively. The torsion angle restraints consist of 62 φ angles for ubiquitin, whereas those for φ and ψ in GB1 are 52 and 49. The original distance restraints were randomly omitted to prepare restraints 0.05, 0.1, 0.3, 0.5, and 0.7 times smaller. In each number, five different restraint sets were generated to obtain statistics using different random seeds.
Protocols for NMR Structure Calculations. Structure calculations by a set of restraints consist of two steps: CYANA calculation and AMBER-based refinement from the CYANA result. We first calculated 300 structures of UBQ and GB1 with experimental distance and torsion angle restraints using CYANA. 6 Here 20,000 steps of torsion angle dynamics were employed. The top 100 CYANA structures that did not show significant violations against the experimental inputs were chosen for further refinements, and the top 20 structures were used for analyses. We further calculated the structures using the AMBER package (ver. 12) with GBIS options, generalized-Born implicit solvent model (igb = 5) 13 and ff99SB all-atom force field. 12 As a conformational search method of GBIS, we applied a restrained simulated annealing of 20 ps with PMEMD module. Here, the temperature was increased to 1,000 K for the first quarter. It stayed at 1,000 K for the second quarter, followed by a stepwise cooling to 0 K for the latter half. The force constants for distance and torsion angle restraints were 50 kcal × mol −1 × Å −2 and 200 kcal × mol
, respectively. The integration time step for restrained simulated annealing was 1 fs. Of 100 structures, the best 20 structures that showed the lowest energies with no significant violation against the distance (< 0.5 Å) and torsion angle restraints (< 5°) were selected as an ensemble for further analyses. All the calculations were performed with Linux-cluster machines consisting of 120 cores.
Criteria for Quantitative Analyses of NMR Structures. For quantitative analyses, in addition to energy values obtained using AMBER, the resulting structures were compared from the viewpoints of two backbone RMSDs, one between resulting structures (eRMSD; mean root-mean-square deviation in an ensemble to mean structure) and the other between resulting structures and reference X-ray structures, 1UBQ for UBQ and 2QMT for GB1 (rRMSD; mean root-meansquare deviation in an ensemble to reference structure). We chose the ranges of 1-70 and 1-56 residues in UBQ and GB1, respectively, for the RMSDs calculation. Two highly refined structures of UBQ (1D3Z) and GB1 (3GB1), with residual dipolar coupling and coupling constants as additional experimental restraints, were also included for comparison. In addition, we calculated the most favored region in the Ramachandran plot and MolProbity packing score. The parameters were calculated by PROCHECK-NMR and MolProbity software packages, 13,14 respectively.
Results and Discussion
GBIS Improved the Geometries of Side-Chain Atoms More Than the Results Refined with Extensive NMR Data. The degree of improvement in the NMR structures was revealed by eRMSD and rRMSD, which represent the precision and accuracy of an ensemble of NMR structures, respectively. The structures that were refined with the PDBdeposited distance and backbone torsion angle restraints by GBIS displayed significant improvements in qualities (Tables  1 and 2 ). From 0.51 and 0.46 of eRMSD CYA , eRMSD GBIS decreased to 0.28 and 0.29 for UBQ and GB1, respectively. Similarly, rRMSD GBIS improved to 0.62 and 0.59 from rRMSD CYA of 0.91 and 0.68 for UBQ and GB1, respectively. We would like to note that such improvements were achieved with only calculations and without further experiments that require additional samples and NMR measurements. The degrees of improvement were comparable to previous results, thus recommending the employment of GBIS for refining NMR structures. Nevertheless, it would be inadequate to compare the GBIS structures directly to CYANA structures, because the force field of CYANA is simplified and optimized for calculation speed and automatic procedures. It is rather noteworthy that the GBIS-refined structures displayed improved side-chain geometries even compared to high precision NMR structures, 1D3Z for UBQ and 3GB1 for GB1. The structures of 1D3Z and 3GB1 were calculated with extensive experimental restraints that include residual dipolar and J-scalar couplings, resulting in very precise and accurate backbone geometries, 0.09 and 0.18 Å for eRMSD and 0.29 and 0.58 Å for rRMSD, in UBQ and GB1, respectively. We quantified the geometric qualities of side-chains using MolProbity clash score, where the lower value indicates the better geometry. For example, 0.081 of the MolProbity score corresponds to the top 100 percentile. The GBIS refined structures of both UBQ and GB1 showed improvements in the MolProbity score. In particular, the decrease in GB1 from 1.785 (run-0) to 0.670 (run-1) was marked. It can be explained by the fact that most of the additional restraints from residual dipolar and J-scalar couplings were confined to backbone atoms, whereas the effects of GBIS are spread across side-chains. Our data indicates that there is still a need to employ GBIS refinements in highly refined structures with experimental restraints.
GBIS Greatly Improved both Precision and Accuracy when the Number of Restraints Decreased. GBIS improved all the structures that were calculated with subsets of distance restraints. (Fig. 1) . Here please note that higher values in Y-axes indicate larger improvements by GBIS. All the values were greater than zero. The apparent linearity between RMSD CYA and (RMSD CYA -RMSD GBIS means that the improvements were proportional. However, there were dissimilarities between the UBQ and GB1 cases. All the CYANA calculations of both UBQ and GB1 did not generate an ensemble of structures that had eRMSD and rRMSD values of less than 1 Å when the restraints were reduced more than 10-fold (Tables 1 and 2 ). GBIS could not yield precise and accurate structures of UBQ like those in GB1. Whereas there were significant improvements in all the GBIS results of UBQ, most of the rRMSD GBIS values were greater than 1 Å with 10% restraints and greater than 2 Å with 5% restraints. For example, the value of rRMSD GBIS at run-55 was 5.09, indicating that the structures of UBQ do not agree with the X-ray structure. On the other hand, GBIS did enable GB1 to form structures that had comparable qualities in both precision (< 1 Å) and accuracy (< 1 Å) to those of the reference. In particular, GB1 could reduce eRMSD from 3.37 to 0.45 and rRMSD from 10.00 to 0.56 Å at run-53. It is remarkable that GBIS enabled a wrong fold to recover into a correct structure. Nevertheless, it should be noted that when the structures were refined with only 5% restraints the number of structures that did not show significant distance violations against the input data was only 10 and 9 at run-51 and -52, respectively. In all other cases, the numbers of non-violating structures exceeded 20. The lack of numbers at run-51 and -52 might be caused by the inefficiency of the conformational search due to either insufficient restraints to guide the structures to the correct fold or an initial wrong geometry that cannot be escaped for the given sampling steps of the conformational search.
Ensemble RMSD of GBIS-refined Structures Could be Used as a Validation Metric. The improvements by GBIS led to the decreased rRMSD, which in turn caused a better correlation between eRMSD GBIS and rRMSD GBIS than eRMSD CYA and rRMSD CYA ( Fig. 2(a), (b) ). One of the main concerns in calculating NMR structures of biomolecules is the validation of the fold of the resulting structures. NOE, from which a distance restraint is prepared, originates between two atoms located proximally in space (< 6 Å). Because of the short-range feature, evaluating the contribution of each distance restraint to the global fold in a quantitative way is not straightforward. In addition, one cannot discriminate the accurate and inaccurate structures with just the violations and energies information. Please note that the data for run-55 did not show any significant violation against input restraints but revealed inaccurate results. Proper global parameters that allow for judgment of the soundness of NMR structures of biomolecules have been awaited. We found that two criteria of the eRMSD CYA and eRMSD
GBIS
showed apparent correlation with rRMSD CYA and rRMSD GBIS , respectively ( Fig. 2(a), (b) ). AMBER energy also correlated with rRMSD GBIS (Fig. 2(c) difficult to directly apply the AMBER energy for validation without any calibration, since the value is dependent on protein and it is not known which value is low enough a priori. The better correlation of rRMSD with eRMSD GBIS than eRMSD CYA suggests eRMSD GBIS as a metric for validation. At least it can suggest when the accuracy of the results will be suspected, i.e. when the value of eRMSD GBIS is larger than 2 Å. It is noteworthy that the representative structures reflect AMBER energies in parts, because the selection criteria of the top 20 structures are based on the AMBER energies. Further studies in this direction are necessary for general use of eRMSD GBIS as a validation metric. GBIS with Additional Psi Angle Restraints Improved Precision and Accuracy of Ubiquitin Structures. To fairly compare the performances of GBIS in UBQ and GB1 refinements and know whether the inefficiencies of the GBIS protocol in UBQ run-41-55 originated from the lack of backbone torsion angle restraints, we added psi angle restraints and performed GBIS refinements with UBQ. The PDB-deposited restraints of UBQ do not contain psi angle restraints. The restraints by psi angle are known to be important in discerning secondary structures. The psi angle restraints can be easily prepared, provided the chemical shifts are assigned. We extracted the chemical shifts of UBQ from the BMRB database (BMRB ID: 6457) and generated 59 psi angle restraints by TALOS+ software 15 using the database that excluded ubiquitin. We recalculated the runs with 5 and 10% distance restraints with additional torsion angle restraints (Table 3) . It is noted again that the distance restraints were identical between 41-45 and 61-65 and between 51-55 and 71-75 runs. Addition of psi angle restraints improved qualities considerably in the results from both CYANA and GBIS. All the rRMSD GBIS values with 10% restraints reduced to a value lower than 1.0 Å. Except for run-75, all the other rRMSD GBIS s with 5% restraints had a value lower than 2.0 Å. Nevertheless, the accuracy and precision were still less compared to those obtained with GB1. Our data support the idea that the contributions of individual distance restraints in determining NMR structures are varied and depend on the proteins.
The Efficiency of the Conformational Space Search was More Important than the Number of Conformations Generated for Calculating Accurate Structures. The next question was whether enhancement of the GBIS refinement could allow a structure trapped at an inaccurate position to escape accurately with only sparse experimental restraints. Our data showed that the GBIS was typically effective with sparse experimental restraints but not in all cases. The results at run-75 indicated that the structures were inaccurate, even though there was no significant violation of the input restraints. Because our original protocols did not work properly for the restraints of run-75, we considered two ways to improve GBIS efficiency. One was to increase the number of structures calculated and the other was to increase the length of duration in the dynamics. These two methods were applied to the recalculation of the data from run-75 with identical restraints. We first generated 200 and 500 structures (run-81 and -82) with the same protocols as the calculations in Tables 1-3 . Second, we increased the duration of dynamics 2-and 5-fold, leading to 40-and 100-ps restrained simulated annealing, respectively, with 100 structures (run-83 and -84). We selected 20 structures as a final ensemble from the two case runs, as well. The results showed that the runs with longer durations generated better eRMSD and rRMSD values ( Table 4 ). The 100-ps GBIS refinement (run-84) generated results with comparable qualities to the other 5% results from run-71-74. Visual inspection of structures from run-55, run-75, and run-81-84 represents which parts improved according to improved methods (Fig. 3) . While α-helical regions that are confined by short range restraints were well refined, β-strands were not converged due to lack of long range distance restraints. The data clearly demonstrates that the efficiency of the conformational space search is more important for finding the correct fold, at least under the conditions GBIS was applied. We do not intend to argue over the optimization of GBIS protocol in this study, but there are enough possibilities that advanced sampling, including replica-exchange, 16 could lead to better results than restrained simulated annealing.
Conclusion
A more accurate and precise structure is helpful in studying and applying the function of a protein. For example, detailed information on the protein-protein and proteinligand complex interfaces can facilitate the discovery of more effective inhibitors. However, NMR signals interpreted as structural restraints are often invisible when the 
GBIS
. In order to fairly compare both the cases of ubiquitin and GB1, we calculated Z values by dividing the difference of individual AMBER Energy and mean of AMBER energies in a protein with standard deviation of AMBER Energy in a protein. Pearson's correlation factors (R) were described as well. system undergoes unfavorable motion on the NMR timescale, which in turn leads to inaccurate structures. Therefore, determining 3D structures with a limited number of restraints has a wide range of applications. Adding to previous data that showed the strength of GBIS for fixing local geometries, 9,17-20 the role of GBIS has been extended into improving global folds. Brooks and his colleagues reported the applications of GBIS for determining accurate global folds in a series of proteins with about 10% of sub-restraints using replica-exchange. 10, 11 In this study, we showed that it is even possible to obtain accurate folds with 5% of subrestraints using restrained simulated annealing. Because of the differences of the datasets, a direct comparison is not straightforward, but it is clear that our data permitted detailed systematic evaluations. Many successful examples that utilize Rosetta algorithms and sparse NMR restraints in determining 3D structures have been published. [21] [22] [23] Comparison or combined use with Rosetta remains an interesting topic. Our data provide a meaningful starting point for the direction.
